induction of synaptic plasticity, we developed a preparation to produce NMDA receptor-dependent LTD in a majority of the synapses in the CA1 region of hippocampal slices (Lee et al., 1998 would prevent LTD expression.
Inhibition of Postsynaptic PKA Causes Synaptic
Depression that Occludes Homosynaptic LTD Intracellular recordings were obtained with sharp microelectrodes filled with 10 mM 3Ј,5Ј-monophosphothiOne interpretation of our data is that the postsynaptic PKA activators prevent stable expression of LTD by oate (Sp-cAMPS), a nonhydrolizable analog of cAMP (Yusta et al., 1988) . Diffusion of the drug into the cell was keeping a PKA substrate in a phosphorylated state. According to this model, PKA inhibitors should have two confirmed by measuring changes in spike adaptation to depolarizing step currents (ϩ0.1 or ϩ0.2 nA, 1 s). Within effects. First, the inhibitor by itself should cause dephosphorylation of a PKA substrate and hence a depression 10 min of impalement, the number of action potentials evoked with a current step doubled (from 6 Ϯ 2 spikes of synaptic transmission. Second, synaptic transmission thus depressed should no longer undergo LTD folper pulse to 13 Ϯ 2 spikes per pulse), reflecting a decrease in spike adaptation. We allowed 20-40 min for lowing LFS. We tested these predictions by recording intracellularly with electrodes filled with 10 M PKI (6-22 Sp-cAMPS to diffuse into the cell before attempting to induce chemLTD. As shown in Figure 3A ). Following stabilization of the EPSP, we tested our second prediction by delivering LFS. Although LFS produced clear LTD of the FP (78% Ϯ 3% of baseline 1 hr post-LFS onset; Figure 3B 1 ), there was no further decrease in the EPSP in the PKI-loaded neurons (106% Ϯ 15% of pre-LFS baseline, measured 1 hr after LFS onset, p Ͼ 0.7, paired t test, n ϭ 5 cells; Figure  3B 3 ). The absence of homosynaptic LTD in PKI-filled neurons is not accounted for by the wash-out of essential intracellular factors during the long recording period, since control cells recorded for a comparable duration still exhibited normal LTD (57% Ϯ 11% of pre-LFS baseline, measured 1 hr after LFS onset, p Ͻ 0.02, paired t test, n ϭ 4 cells; Figure 3A 3 ). The simplest interpretation of these data is that inhibition of postsynaptic PKA directly causes a depression of synaptic transmission that occludes homosynaptic LTD.
Activation of Postsynaptic PKA Reverses Previously Established Homosynaptic LTD
Our experiments have shown that a postsynaptic PKA substrate is critically involved in the mechanism for LTD. However, they have not enabled us to determine if the data suggest that the induction of LTD dephosphorylates the PKA sites on the AMPA receptor. Therefore, we predicted that the postsynaptic injection of cAMP 3B). This change in the EPSP was accompanied by a slight depolarization (Ϫ73 Ϯ 1 mV to Ϫ71 Ϯ 3 mV in the would selectively potentiate synapses that had previously undergone LTD. 20 min period; paired t test, p Ͼ 0.1, n ϭ 5 cells) and an increase in the number of spikes elicited with a step To test this prediction and to clarify the role of the PKA pathway in the expression of LTD, we performed depolarizing current injection (ϩ0.1 or 0.2 nA for 1 s; 2 Ϯ 1 spikes/pulse to 7 Ϯ 2 spikes/pulse). The increase the experiment shown in Figure 4 . In the first phase of the experiment, we monitored the FPs evoked by in the number of spikes could be due to the inhibition of PKA phosphorylation of voltage gated Na ϩ channels, stimulating two independent inputs converging onto the same population of neurons ( Figure 4A 1 ). We then inwhich has been reported to decrease spike threshold (Costa and Catteral, 1984; Gershon et al., 1992; Li et al., duced LTD at the synapses of one input (S1) by giving two episodes of LFS (1 Hz, 15 min). After allowing 30 1992).
The EPSP stabilized 30-40 min after impalement with min for the LTD to stabilize, we began the second phase of the experiment, which entailed impaling individual the PKI-filled electrode at a value of 53% Ϯ 5% of the original magnitude (p Ͻ 0.005, paired t test, n ϭ 5 cells; CA1 pyramidal cells with an electrode filled with SpcAMPS ( Figure 4A 2 ). In agreement with our prediction, Figure 3B ). The depression of the EPSP does not reflect a general reduction in synaptic transmission in the slice, we observed a gradual potentiation of the EPSP evoked by stimulation of the previously depressed input (S1: since there was no significant change in the extracellular FP. Furthermore, the EPSP depression in PKI-loaded 157% Ϯ 15% of the initial 10 min baseline, measured Bath-Applied PKA Activators The electrophysiological analysis strongly suggests that there was no corresponding change in the extracellularly recorded FP (S1 FP: 114% Ϯ 8% of the initial 10 min the expression mechanism of both homosynaptic LTD and chemLTD involves the persistent dephosphorylabaseline, measured 60 min after impalement, paired t test, p Ͼ 0.1; S2 FP: 109% Ϯ 7% of the initial baseline, tion of a postsynaptic PKA substrate. This analysis was motivated by our previous finding that chemLTD is assopaired t test, p Ͼ 0.1). Moreover, the potentiation was a specific consequence of Sp-cAMPS in the intracellular ciated with the dephosphorylation of Ser-845 on the GluR1 subunit of the AMPA receptor, a PKA substrate. electrode, since no significant change in the S1 EPSP was observed in identical control experiments using We therefore next asked if treatment of hippocampal slices with PKA activators prevents the NMDA-stimuelectrodes that did not contain the drug (S1 EPSP slope: 85% Ϯ 11% of the initial 10 min baseline, 1 hr post lated dephosphorylation of GluR1 and chemLTD. The effects of bath application of the PKA activator impalement, n ϭ 4; S2 EPSP slope: 76% Ϯ 15% of baseline, paired t test, p Ͼ 0.2).
forskolin on synaptic transmission and chemLTD are summarized in Figures 5A 1 -5A Table 1 ). The experiments increase the phosphorylation of Ser-845 but did significantly reduce (n ϭ 7, p Ͻ 0.05) the NMDA-induced dewere also repeated using calyculin A, a more potent inhibitor of PP1/2A (Ishihara et al., 1989) . Preincubating phosphorylation of GluR1 (Table 2) . These experiments indicate that activating PKA in hippocampal slices can slices in 1 M calyculin A for Ն1 hr also did not affect chemLTD expression ( Figure 5B 3 ; Table 1 ). antagonize the NMDA-induced dephosphorylation of ine the possible contribution of PP2B to chemLTD and GluR1 dephosphorylation, slices were preincubated for they did suggest that if dephosphorylation of GluR1 is the expression mechanism of chemLTD, it should be 2-4 hr in 50-100 M FK506. Although the magnitude of chemLTD was reduced compared with same day consimilarly resistant to these PP inhibitors. Indeed, consistent with its lack of an effect on chemLTD, okadaic acid trols, significant chemLTD still occurred in the treated slices (Table 1) . Biochemical experiments showed that did not prevent the NMDA-induced dephosphorylation of Ser-845 (Figure 5B 4 ) . Treatment of the slices with the incubation of hippocampal slices with 100 M FK506 had little effect on the basal phosphorylation of GluR1 okadaic acid (1 M) increased the phosphorylation of both serine 831 and 845, suggesting that PP1 or PP2A on both Ser-845 and Ser-831 and that FK506 did not significantly block the NMDA receptor-dependent deregulates GluR1 phosphorylation (Table 2) . However, NMDA still produced a specific decrease in the phosphosphorylation of Ser-845 (Table 2) . Treatment of slices with another inhibitor of PP2B, cyclosporin A (250 M, phorylation of Ser-845, with little effect on the phosphorylation of Ser-831 (Table 2 ). These results indicate that n ϭ 4), was similarly ineffective on the basal phosphorylation of GluR1 and on the NMDA-stimulated dephos-PP1/2A do not play an essential role in the observed NMDA receptor-dependent decrease in Ser-845 phosphorylation of Ser-845 (data not shown). Thus, PP2B also does not appear to be required for chemLTD or phorylation.
Calcineurin (PP2B) is a calcium-activated protein GluR1 dephosphorylation. The findings that neither okadaic acid nor calyculin phosphatase that has been proposed to be a part of the signaling pathway that triggers LTD (Lisman, 1989;  inhibit chemLTD are in register with biochemical data However, although an increase in basal phosphorylation than phosphorylation of GluR1 (e.g., Enan and Matsuwas observed in okadaic acid-treated slices, NMDA apmura, 1991). plication still induced GluR1 dephosphorylation. Inhibitors of PP2B (calcineurin), a phosphatase involved in Discussion PP1 regulation, neither increased basal phosphorylation of the receptor nor affected the dephosphorylation stimIn the previous paper, we showed that treating hippoulated by NMDA. These findings do not rule out a role campal slices with NMDA causes long-term synaptic for PP1 and PP2B in the regulation of AMPA receptor depression that is associated with a persistent dephosphosphorylation, but they do suggest that other phosphorylation of a PKA substrate: Ser-845 on the GluR1 phatases are also involved. An obvious candidate is PP2C, which is also highly enriched in the brain, espesubunit of the AMPA receptor (Lee et al., 1998). In the cially in the hippocampus (Cohen, 1989 ; Abe et al., 1992). present study, we confirmed the involvement of PKA Although the inability of okadaic acid to inhibit NMDAsubstrates in the expression of homosynaptic LTD. Of induced dephosphorylation of GluR1 was unexpected, particular significance was the finding that the activation these data did lead to a strong prediction. If chemLTD of postsynaptic PKA interferes with the expression of is related to the dephosphorylation of GluR1, as we have both chemLTD and homosynaptic LTD. In addition, PKA hypothesized, then it too should be insensitive to PP1 activators could prevent the dephosphorylation of GluR1 inhibitors. The electrophysiological experiments conon Ser-845 associated with chemLTD. Taken together, firmed this prediction. Neither the PP1 inhibitors okadaic our findings are consistent with the hypothesis that deacid (1 and 10 M) nor calyculin A (1 M) had any signifiphosphorylation of Ser-845 on GluR1 is one mechanism cant effect on NMDA-stimulated LTD. Chem-LTD also of LTD expression. still occurred in the presence of a PP2B inhibitor, although the magnitude was reduced by this drug treat-NMDA-Stimulated Dephosphorylation of the AMPA ment.
Receptor Correlates with NMDA-Stimulated
The ineffectiveness of PP inhibitors contrasts sharply Long-Term Synaptic Depression with the effects of PKA activators on NMDA-stimulated We previously showed that brief application of NMDA LTD. Bath application of PKA activators could comto hippocampal slices causes rapid and persistent depletely inhibit the expression of chemLTD. Moreover, phosphorylation of the AMPA receptor GluR1 subunit intracellular injection of a PKA activator confirmed that at Ser-845 (Lee et al., 1998) . Because Ser-845 is a subthe critical PKA substrate is in the postsynaptic neuron. The fact that chemLTD could be blocked by activators strate of PKA, we expected that the PKA activators It should be noted that it has been shown previously (Table 1) . This finding contrasts with the abcient in blocking homosynaptic LTD, while PKA activators may inhibit chemLTD more effectively, which is what sence of an effect of either okadaic acid or calyculin A on chemLTD. In addition, the partial blockade of homowe observed. synaptic LTD by bath-applied PKA activators contrasts with the complete block of chemLTD by these drugs (Table 1) . Homogenates of hippocampal slices were prepared by sonicating the 1-4 slices on ice in 1 ml of resuspension (RS) buffer consisting that is induced independent of NMDA receptor activation (Bolshakov and Siegelbaum, 1994; Oliet et al., 1997). Under the conditions of 10 mM sodium phosphate (pH 7.0), 100 mM NaCl, 10 mM sodium pyrophosphate, 50 mM NaF, 1 mM sodium orthovanadate, 5 mM employed in this study, the induction of homosynaptic LTD is completely blocked by an NMDA receptor antagonist, provided that the EDTA, 5 mM EGTA, 1 M okadaic acid, and 10 U/ml aprotinin for 30 s. The homogenates were centrifuged at 12,000 ϫ g for 5 min LFS is applied within 6 hr of preparing the slices. In the experiments reported here, care was taken to study LTD in slices maintained Ն6 and the crude membrane pellets were resuspended in RS buffer and centrifuged again at the same speed. The pellets were then hr in vitro. suspended in SDS sample buffer. The protein concentration was determined by amino black method and loaded onto SDS-PAGE Data Analysis gels ( tion was analyzed by determining the ratio of the signals detected was dissolved directly in ACSF at 100 M and was applied for Ն35 with the phosphorylation site-specific antibodies and the phosphormin before the experimental manipulations. D,L-amino-5-phosphoylation independent C-terminal antibody. novaleric acid (D,L-AP5; Sigma) was dissolved in ACSF at final concentrations and was applied for Ն30 min prior to experimental ma
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NMDA receptor activation is necessary for the induction
